ad D-amino acid oxidase (DAAO) is an enzyme which generates reactive oxygen species (ROS) and it is believed of having potential uses as novel therapeutic molecule if internalized by cancer cells or if they will be localized close to their plasma membrane. When conjugated onto iron oxide nanoparticles (NPs), the enzyme can be magnetically directed to targeted locations with an increased efficacy. A subsequent injection of DAAO substrate D-alanine can initiate ROS production and induce apoptosis of cells surrounding the NP-DAAO complex. Here, we describe a platform for optimal bioconjugation using monodisperse γ-Fe 2 O 3 NPs (~10 nm) resulting in high DAAO loading, stable NP-DAAO dispersions and more than 90% enzymatic activity recovery, which is retained using the particles in human serum. Lastly, since the NP-DAAO system is thought for cancer therapy, we proved its efficacy in killing SKOV-3, U87 and HCT-116 cancer cells.
Here, we describe a platform for optimal bioconjugation using monodisperse γ-Fe 2 O 3 NPs (~10 nm) resulting in high DAAO loading, stable NP-DAAO dispersions and more than 90% enzymatic activity recovery, which is retained using the particles in human serum. Lastly, since the NP-DAAO system is thought for cancer therapy, we proved its efficacy in killing SKOV-3, U87 and HCT-116 cancer cells.
Nanobiotechnology has found widespread applications 1 in biomedicine as diagnostic imaging tools [2] [3] , drug delivery systems [4] [5] , vaccines [6] [7] and in immunotherapy 8 . NPs can be employed to produce a great variety of bioconjugates by grafting biomolecules onto a NP carrier. In oncology, for example, recent studies have shown that engineered NPs are capable of reaching specific targeted areas of the body and of releasing the therapeutic drug locally [9] [10] [11] [12] . This novel approach has the potential to increase the drug efficacy and to eliminate the side effects 13 . To guide the bioconjugates through the body, one can use magnetic NPs that, after intravenous administration, can be directed to the cancerous tissue with an external magnetic field 14 . Magnetic NPs alone are used as an effective anticancer agent during the hyperthermic therapy in which NPs exposed to an alternating magnetic field produce heat that kills all the surrounding cells [15] [16] [17] [18] [19] . D-amino acid oxidase from Rhodotorula gracilis (RgDAAO, EC 1.4.3.3) is a flavoenzyme that utilizes D-amino acids to produce reactive oxygen species (ROS) 20 and can be used to induce apoptosis. In particular the co-administration with D-Alanine as substrate, gives the corresponding α-keto acid, ammonia and H 2 0 2 . Despite the benefit in using this enzyme in therapeutic applications, the main limitations are the low enzyme stability, the low efficacy in cellular internalization and the lack of specific molecular targeting. To overcome these limitations, in the past few years different attempts have been made in the development of NP-DAAO systems where the enzyme was covalently bound to the amino groups of APTES functionalized NPs. That resulted in an increased cellular internalization of the enzyme, a prolonged enzymatic activity and storage stability, and the possibility of targeting to the cancer mass with the help of an external magnetic field. However, while the APTES functionalization represents a good amino group donor, its activation via glutaraldehyde can affect the enzyme integrity 21 leading to a loss of DAAO activity [22] [23] . Cappellini et al. 24 reported a higher yield for the NP-DAAO synthesis when conducted via EDC/NHS instead of with glutaraldehyde. Furthermore, also the NP diameter and aggregation influence the amount of loaded enzyme 25 . Here, we present a NP-DAAO system starting from the synthesis of γ-Fe 2 O 3 NPs to obtain small and monodispersed γ-Fe 2 O 3 -APTES NPs to increase as much as possible the surface area available for the surface functionalization.
γ-Fe 2 O 3 NP cores were synthetized following Geppert et al. 26 (ESI †) and they were subsequently functionalized with APTES using a standard protocol and then conjugated with DAAO by coupling with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS), as summarized in Fig. 1 
Please do not adjust margins Please do not adjust margins
The DLS characterization analysis (Fig. 2a) reports a diameter of about 38 nm for the synthetized γ-Fe 2 O 3 NPs and about 47 nm for the APTES functionalized ones. After conjugation with the enzyme, the NP-DAAO complex acquires a larger diameter of approximately 185 nm. The DCS characterization (Fig. 2b) is similar to the one obtained by DLS. The surface functionalization with APTES and DAAO results in a change in the particle sedimentation time. The NP-APTES and NP-DAAO have respectively an apparent size of 24 nm and 76 nm: this is due to a change in sample density as also reported elsewhere [27] [28] . At a glance, the TEM pictures (ESI †) do not suggest any notable changes in NP size as shown by DLS and DCS analysis. However, the TEM picture analyses (ESI †) reported that γ-Fe 2 O 3 NPs, NP-APTES and NP-DAAO possess an average size of respectively 8.5, 10.3 and 11.0 nm. These results can be probably due to a slight NPs aggregation during DLS and DCS analysis. The amount of DAAO bound on the NP surface was determined by considering the difference between the starting amount of RgDAAO and the protein recovered in the supernatant at the end of the conjugation reaction. The quantification of conjugated DAAO was performed using the extinction coefficient at 455 nm (~12.6 mM -1 cm -1 ) 20 and an UVVis V-560 Spectrophotometer (JASCO, MD, USA). The amount of stock DAAO used for the conjugation to NP-APTES has been chosen starting from the ratio of µg of DAAO per NP-APTES surface area (calculated from the average particle diameter, assuming spherical particles) used by Cappellini et al. 24 and then moving to DAAO saturation per NP-APTES. For one mg of NP-APTES particles up to 446 µg of RgDAAO was bound (Fig.  3a) . Moreover, to determine the functionality of the NP-DAAO particles, we checked their enzymatic activity by measuring the absorbance increase accompanying the H 2 O 2 -induced oxidation of o-dianisidine. This reaction was initiated by the addition of the enzyme and the absorbance increase was monitored at 440 nm for 1 min.
The conjugation yield and the activity recovery of these NP-DAAO particles were of 100% and 91% respectively (Fig. 3a) .
Since the specific activity of the RgDAAO stock solution was 59 U/mg, we estimated up to 24 U per mg of NP-APTES. The NPs here synthesized showed a smaller diameter compared to the Please do not adjust margins
Please do not adjust margins ones used by Cappellini et al. 24 and this allowed a 7 fold increase of the DAAO/NP (w/w) ratio. Then, we detected the thermal stability of the NP-DAAO system, as enzymatic residual activity, after 1 hour incubation at different temperature ( Fig. 3b) (ESI †). At 37 °C the NP-DAAO system is about 1.8 fold more stable compared to free DAAO. Since this NP-DAAO system, thought for cancer therapy, has to be injected intravenously to perform its activity, we checked its stability also at 37 °C when exposed to 10% human serum (Sigma-Aldrich) (Fig. 3c) . These results indicate that human serum has an active role in preserving the activity of both DAAO and NP-DAAO system. Lastly, we tested the efficacy of the NP-DAAO system on the three tumor cell lines SKOV-3, HCT116 and U87 (Sigma-Aldrich) (Fig. 4) . In this experiment, 10000 cells were exposed for 24 h to an increasing amount, expressed as DAAO units, of free DAAO or NP-DAAO with or without D-alanine (D-Ala). Hence, the cell viability was determined as ATP content by recording the luminescent signal after using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). The results reported in Fig. 4 show a very low cytotoxicity when cells are exposed to 7 mU of NP-DAAO particles without D-alanine. However, when D-Ala is added a full cell death was apparent. If compared to the NP-DAAO particles present in literature 23 , the new particles result less cytotoxic whilst the effectiveness remains unchanged in the presence of the substrate: this can be explained by the lower amount of NP-DAAO particles required to reach the same DAAO activity (ESI †). We have performed preliminary experiments exposing human adipose stem cells (hASC), isolated from adipose tissue, to NP-DAAO. The results have shown that hASC are less responsive than tumor cell lines to the H 2 O 2 produced by the NP-DAAO in presence of D-Ala.
Conclusions
In conclusion, the new NP-DAAO particles represent a remarkable improvement of this NP-enzyme system. With a reduced amount of NPs required for the same enzymatic activity, we have obtained a safer and more Please do not adjust margins Please do not adjust margins efficient NP-DAAO system that might be used for cancer therapy, but also for biocatalysis. The new NPs, thanks to their smaller size, can bind about 7 times more enzyme than the previous ones 28 thus increasing the efficacy and reducing the NP-DAAO system toxicity before external stimulation of ROS production (ESI †). Since smaller NPs might result more cytotoxic 29 , in vivo experiments will be performed to assay their toxicity and half-life once injected into the blood stream. It has been previously reported that enzymes conjugated to NPs may present a higher activity, a better specificity, a prolonged half-life, an enhanced thermal stability and, in some cases, even an enzymatic acceleration [30] [31] [32] . In agreement with these reports, we have observed a prolonged storage half-life (ESI †) and an enhanced thermal stability (Fig. 3b) . Conversely, we did not notice an increase of the enzymatic activity. In addition, the susceptibility of the NP-enzyme system to a magnetic field allows, in nanomedicine, its targeting to the desired area of the body, and, in biocatalysis, its efficient recovery enabling its reuse for several times and preventing the contamination of the final product 30 .
